The present work gives further developments and experimental testing of a new time domain structural sensing technique for predicting wave-number information and acoustic radiation from vibrating structures. Most structure-borne active sound control approaches now tend to eliminate the use of microphones located in the far field by developing sensors directly mounted on the structure. In order to reduce the control authority and complexity required to minimize sound radiation, these sensors should be designed to provide error information that is solely related to the radiating part of the structural vibrations, e.g., the supersonic wave-number components in the case of planar radiators. The approach discussed in this paper is based on estimating supersonic wave-number components coupled to acoustic radiation in prescribed directions. The spatial wave-number transform is performed in real time using a set of point structural sensors with an array of filters and associated signal processing. The use of the sensing approach is experimentally demonstrated in the time domain LMS active control of broadband sound radiated from a vibrating plate. Comparisons of the control performances obtained with the wave-number sensor and error microphones in the far field show that only a few point sensors are required to provide accurate radiation information over a broad frequency range. The approach demonstrates good broadband global control of sound radiation. ¸
INTRODUCTION
Over the past few years, much research has been conducted in the area of active control applied to structure-borne sound. In active structural acoustic control (ASAC), the minimization of sound radiation is achieved by applying oscillating force inputs directly to the structure rather than by exciting the acoustic medium with loudspeakers (active noise control). The technique can often produce global far-field attenuations with relatively few actuators as compared to active noise control. In early studies, Fuller has shown both theoretically • and experimentally 2 the use of point forces as control actuators. More recent works have demonstrated the potential of multiple piezoelectric actuators to replace shakers and realize a more compact or "smart" structure. 3
One of the primary concerns in active control of sound is choosing the appropriate sensor in order to provide the control system with "error" information. Error microphones located in the far field have yielded good results, since the quantity to minimize, i.e., acoustic power radiated from the structure, is directly related to the far-field pressure. However, the microphone solution is often impractical in real applications and, in an attempt to make the system more compact, the current research tends to develop radiation sensors that are mounted on the structure. One possible approach is to design structural error sensors in order to minimize the vibrations over the entire radiating surface (active vibration control). Such an approach would obviously yield sound attenuation. However it will require, in many cases, a great number of control inputs. A more practical sensing technique should take into consideration the structure/fluid interaction so that only the radiating part of the structural vibrations is observed by the sensor. The principal advantage of this approach is that it allows "modal restructuring" in the control mechanism; 1'4 in some cases, the residual response is not attenuated but rather the structure is forced to behave like an inefficient radiator. As a result, the control authority and number of channels required to achieve sound attenuation is reduced. Clark and Fuller have discussed the use of polyvinylidene fluoride (PVDF) thin film modal sensors in sound radiation control for rectangular radiators below the critical frequency. 5 With appropriate shapes and locations, PVDF sensors observe only those structural modes that efficiently radiate to the far field.
For planar radiators, the radiating part of the structural vibrations corresponds to the supersonic region of the wavenumber spectrum where the structural wave number is smaller than the acoustic wave number in the surrounding medium. Therefore, a possible approach is to build a wavenumber sensor that selects and estimates those supersonic wave-number components. Fuller and Burdisso previously showed the potential of a wave-number domain controller 6 based on this type of error information. For implementation with broadband control algorithms, the wave-number estimate must be performed in the time domain. Following these ideas, Maillard and Fuller introduced a new sensing technique that predicts, in the time domain, supersonic wavenumber components coupled to acoustic radiation in pre-the wave-number transform of the structural acceleration distribution is performed in real time using point sensors with an array of finite impulse response (FIR) filters and associated signal processing. The resulting error signal can be directly used as the error information in time domain control algorithms. The present work gives further development and experimental testing of the method. In particular, this paper experimentally demonstrates the use of such an approach in the active control of sound radiation.
After recalling the theoretical basis of wave-number sensing applied to acoustic radiation previously discussed in Refs. 7 and 8, the sensor is briefly described for practical implementation. Experimental results from wave-number sensing of a simply supported plate are first discussed. The sensor output is compared to the actual wave-number component of the plate in order to evaluate the prediction accuracy. The radiation from the simply supported plate is then controlled using a three-channel feedforward control approach. The system is excited by a bandlimited white noise including the first five bending modes of the plate. Wavenumber sensing is compared to the use of error microphones. Results show the ability of the technique to replace far-field acoustic measurements and provide accurate error information over a broadband frequency range. Its use in active structural acoustic control is successfully demonstrated.
I. THEORY
This section briefly reviews the theoretical concepts associated with the proposed sensing technique. For more details, the reader is referred to the two previous companion 
along with the boundary condition that defines the interaction between the structure and fluid, 
Junger and Feit 9 showed that the above integral can be evaluated in the far field using the stationary phase approximation. Using spherical coordinates, x-r sin 0 cos y = r sin 0 sin q•, and z-r cos 0, the points of stationary phase are found to be l•x=k o sin 0 cos qb and /•y= k0 sin 0 sin qb.
The pressure field at a particular spherical coordinate now Table II.-' The predicted wave-number component is constructed according to the discrete formulation in Eq. ing and control part, due to the relatively low computational load required by the wave-number sensor. However for these laboratory tests, it was more convenient to program the sensing and control on separate DSP boards. To monitor the radiated sound from the uncontrolled and controlled system, a microphone traverse located in the far-field measures the pressure field in the horizontal plane at 21 angles with a 9-deg increment. Three extra fixed microphones provide pressure information out of the horizontal plane in order to confirm the global nature of the control. Their location appears in Table III . The laser vibrometer data is also used to compute the plate modal amplitudes before and after control as described in the Appendix. All the measured time domain signals are transformed into the frequency domain using a B&K analyzer type 2032.
III. RESULTS

A. Wave-number sensing
Analytical results and simulations from Refs. 7 and 8 show that only a small number of point sensors are required to estimate wave-number components for the low-order modes of a simply supported beam. The following section discusses the experimental results obtained with the simply supported plate and sensor presented earlier. cies are based on transfer functions relative to the output signal of a force transducer monitoring the input force applied by the disturbance shaker. The plot shows excellent matching between actual and predicted wave-number components up to 200 Hz. Slight magnitude increases occur above this frequency but the variations remain within 3 dB over the first five modes of the plate. Above 400 Hz, the error between actual and predicted wave-number component further increases reaching a maximum of 8 dB at the resonance frequency of mode (4,2). The phase angle exhibits the same trends and is not shown here. Also note that similar performances were obtained in the two other directions of prediction, i.e., 0=-36 ø and 0=0 ø. Since the radiated pressure is directly proportional to the wave-number component corresponding to the direction of radiation, the above results ensure that the sensor is also providing good broadband prediction of sound radiation as discussed later.
The variations between actual and predicted wavenumber components can be further discussed in terms of aliasing due to the discrete integration scheme of the wavenumber transform. A one-dimensional structure is considered here for simplicity. As discussed by Fahy, •5 the pth bending mode presents a main peak in the wave-number domain at kx = _+ p rc/L. Hence significant aliasing will occur at the corresponding resonance frequency if the Nyquist wave number,
Ks= rc/Ax (Ax= L/Nd being the spatial sampling period), is
smaller than prc/L or Nd<p. Moreover, since the structure is finite, the main peak obtained at a resonance frequency will be scattered into a continuum of smaller wave-number components extending up to infinity. Therefore, some aliasing will also occur for modes where N•>p. In order to reduce aliasing errors, it is necessary to filter out the wave-number components that are higher than the Nyquist wave number. No sensor design has been proposed at this time to achieve spatial wave-number filtering. Such a sensor should convolve the spatial distribution of the structural response with the appropriate impulse response, whose wave-number transform has the characteristics of a low-pass filter. It should be noted that distributed sensors, such as PVDF films, perform spatial weighting of the structural response, i.e., a multiplication rather than a convolution product. Discussion of aliasing and its effect on the discrete wave-number transform and aliasing are also given in Ref.
7.
To further validate the wave-number sensing technique, it is of interest to study how the wave-number information relates to the actual radiated pressure. In theory, wavenumber components coupled to a given direction of radiation are related to the far-field pressure by a constant magnitude and linear phase factor as expressed in Eq. (9). Figure 4 shows the magnitude of the transfer function between the signal generator and the measured actual wave-number component coupled to direction 0= 36 ø along with the magnitude of the measured transfer function between the signal generator and the traverse microphone output located along the same direction. Note that a scaling factor has been introduced to facilitate the comparison. Very good agreement between wave-number information and measured radiated pressure is obtained at practically all frequencies. The important variation noticed at the resonance frequency of mode (1,2) total reduction levels for the three microphones are 9.3, 10.4, and 12.6 dB, respectively. In order to estimate the overall performances of both control systems using wave-number sensing or pressure measurements, far-field pressure auto-spectra are measured in the horizontal plane for -90 ø •<0 •< 90 ø and at three "random" locations out of the horizontal plane. On-resonance cases yield better accuracy for the wavenumber sensor than off-resonance cases as shown in Fig. 3 . As a result, the plate modal response after control for 244 Hz (Fig. 8) shows almost the same characteristics for both wavenumber and microphone sensing methods. As expected, the far-field pressure in the horizontal plane also exhibits the same behavior whether wave-number or pressure sensing is used.
Off-resonance, the sensor accuracy deteriorates and from the increased modal complexity, the control system becomes more sensitive to small variations in the error signal. As shown in Fig. 10 , the modal amplitudes after control using the wave-number sensor differ slightly from the response using pressure sensing. However the variations in the error signals remain small and both set of modal amplitudes follow the same tendency. Moreover the variations do not significantly affect the far-field pressure as seen in Fig. 11 . When applied to radiation control, wave-number sensing yields the same levels of attenuation as error microphones in the far field. By observing the radiating part of the structural vibrations (supersonic wave-number components), wavenumber sensing provides a more selective error information compared to other structural sensing methods. As a result, the control authority needed to reach a given level of sound reduction is decreased and thus, the wave-number approach results in improved performances and efficiency. Moreover, it can be of special interest when directional rather than global control is needed. Sensing radiation in prescribed directions rather than over the entire surrounding medium also reduces control authority.
The present approach is only valid in the case of baffled planar radiators. For more complex geometries and nonbaffled structures, a different type of integration scheme must be derived to account for the diffraction terms. This is the topic of future investigations. 
Since there is only a finite number of measurement points, spatial aliasing occurs in the modal decomposition. Using N measurement points, only N modal amplitudes can be resolved. Therefore, the response of the higher-order modes must be assumed negligible. The 8 by 7 grid used here proved to be sufficient to estimate the plate modal response at least up to 700 Hz. This can be checked by observing the roll off in the amplitudes of the high-order modes. 
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